The magnetic microstructure of Co 50 Ni 20 FeGa 29 alloy under a magnetic field applied parallel to the [111] direction has been studied via in situ observation by transmission electron microscopy (TEM). The domain walls formed a sawtooth-like configuration with an initial size of $10 micron, which shrank as increase of the applied field strength and finally vanished at the field strength about $0:46 T. Number of the walls increased during domain boundary motion driven by the applied magnetic field. A geometrical characteristic feature of the domain walls was unchanged until vanishing under the applied field. Based on in situ observation on reorientation of magnetization, the genetic aspect of these domain walls motion was discussed briefly.
Introduction
Since the discovery of NiMnGa ferromagnetic shape memory alloys (FSMAs), many new FSMAs such as NiFeGa, CoNiAl and CoNiGa have been subsequently developed. [1] [2] [3] [4] [5] Recently, CoNiGa alloys have attracted intense scientific and technological interests as promising smart materials in applications such as actuators owing to their excellent mechanical and magnetic properties besides the shape memory characteristic. [4] [5] [6] [7] More recently, Fe additions in CoNiGa alloys has significantly improved the tenacity of the materials, which shows excellent superelasticity. 8) Thus, CoNiFeGa alloys are hopeful candidates for actuators. Understanding of their microstructure is one of the key investigations for the development of FSMAs since the microstructure affects the martensitic transformation and magnetic properties. Researchers have extensively investigated on the feature of magnetic domains in a martensitic phase and explanation of some fascinating phenomena or the others magnetic properties by transmission electron microscope (TEM) [e.g. Refs. 9-13)]. However, the magnetic domains of FSMAs in parent phase have not been investigated in details. The purpose of the present work aims at study of the magnetic domain structure of the Co 50 Ni 20 FeGa 29 alloy via the magnetic field applied along the direction perpendicular to the (111) lattice plane. We reveal that the magnetic domain walls with a saw tooth-like configuration reduced in size gradually during reorientation of the magnetization driven by the applied field.
Experimental Procedure
Single crystal Co 50 Ni 20 FeGa 29 alloy with B2 structure was grown along the [001] direction of the cubic phase by the MCGS-3 CZ system with magnetic levitation cold crucible in an argon atmosphere. 14, 15) The four metal elements with purity of 99.5% were used as the starting materials. The magnetic measurement was performed by a direct current susceptometer with a magnetic field of 400 A/m. For TEM observation, disk specimens with a diameter of 3 mm were cut from the block along the direction roughly perpendicular to the (111) lattice plane and ion-milled in an argon atmosphere to electron transparency using a Gatan precision ion polishing system (model 691). The milling voltage and the incident angle were 4 kV and $7
, respectively. In situ investigations on the magnetic domain motions were performed on a CM-200 TEM equipped with a field emission gun operated at an accelerating voltage 200 kV and a Gatan imaging filter (GIF) system. The objective lens were first switched off for imaging the original domain structure at Lorentz mode and then turned on to introduce a magnetic field parallel to the incident electron beam. The magnetic field strength was increased gradually by adjusting the current passing through coils of the objective lens using free lens control system for in situ observation of the domain wall's motion. Because the magnetic field strength is proportional to the current flowing through the coils of objective lens, correspondence between the field strength and the current passing through coil of the objective lens was carefully calibrated according to the technical manual supplied by TEM manufacturer. Fig. 2(a) . The objective lens being off, the domain walls appear in a zigzag form with alternative dark and bright lines. The angle between two neighboring walls is measured to be $30 in the multiplex sawtooth-like configuration whereas the size of these walls is 5-10 micron and total length of the walls in Fig. 2(a) is about 103 mm. Therefore, the initial magnetic domain structure consists of two domain variants separated by these walls. Electron diffraction pattern (inset of Fig. 2(f) ) showed the incident electron beam was projected along the [111] zone axis of the specimen, i.e. a misorientation angle of $55 between the incident beam and the preferred h001i magnetization direction. Therefore, the domain structure most likely coincides to the 180 degree domains with the magnetizations along the [001] and ½00 1 1 directions respectively. A magnetic field gives rise to the Lorentz force eV Â B (e, V and B are the electron charge, the electron velocity and the magnetic flux density, respectively) to act at an electron passing through the field. Deflection of the incident electron beam by the magnetic domains with magnetization along the h001i directions is illustrated in Fig. 3 . The electron beam is deflected in the ½ 1 110 and ½1 1 10 directions by the two magnetic domains with the [001] and ½00 1 1 magnetizations, respectively, when electrons pass through these domains along the [111] zone axis. At the image plane of microscope the two slightly deflected electron beams lead to a deficiency and an excess of electrons alternatively at the zigzag boundaries, resulting in the walls with the dark and bright contrast.
Results and Discussion
As the domain structure is sensitive to external magnetic field, the walls will alter when subjected to the applied magnetic field upon switch-on of the objective lens. In this case, the applied magnetic field is parallel to the incident electron beam direction, and magnetization of the domains will also change to the same direction. Figures 2(b) -(e) show the detail alternation of the domain structure under the applied field with different strength. Compared to Fig. 2(a) , morphology of the domain boundaries changed significantly. Careful examination shows that length of every single wall reduced considerably with the field strength increasing. The domain walls are also shifted due to shrinkage of the walls. Thus, behavior of the domain structure response to the applied field parallel to the incident electron beam can be divided into two categories: At low field (less than 0.09 T) the size of domain walls decreases whereas the number of the walls is unchanged. At high field (larger than 0.09 T) the walls start to split, leading to increase of number of the walls. As shown in Fig. 2(b) , the zigzag configuration formed by the domain walls remained unchanged, although size of the walls reduced to 5 micron when the field strength reached 0.05 T. In this process, the walls rotated around the [111] direction and joint angle of the walls became $40 to compensate the size decrease. When the field strength reached 0.09 T, the resistance of the wall rotation was greater than that of wall split, the domain wall started to split at about 1/2 position of the wall with bright contrast marked by black arrow, and the total length of these walls reduced to about 93 mm, and the joint angle of the walls kept to $40 (Fig. 2(c) ). Subsequently, the walls begin to decompose and number of the walls as well as the junctions of the walls multiplied at high field (larger than 0.09 T). At 0.2 T, the number of domain walls increased to 11 ( Fig. 2(d) ) and the total length of the walls further reduced to $91 mm. The angle between the walls stayed nearly the same as that in Fig. 2(c) . Split at $1=3 position of the wall with bright contrast is shown in the inset of Fig. 2(d) . When the strength of the applied magnetic field further increases, the walls continued to split and resulted in extra new walls as shown in Fig. 2(e) . The domain walls split by either sliding or directly breaking of the wall, a schematic of which is shown in Fig. 4 . However, in the process demonstrated in Figs. 2(c) -(e), these two splitting modes probably coexist. In summary, the characteristic feature of the walls alternation under the high magnetic field is split of the walls, which results in reduction in every wall length and increase of number of walls, thus inducing to the constant total length of walls. As the field strength further strong, the domain walls slowly became shorter and number of the walls was multiplied. When the field strength reaches $0:46 T, the domain walls disappeared, which is consistent with the measured value of magnetic flux density in Fig. 1 . The domain structure vanished as a result of the magnetizations of the two domains all aligning along the magnetic field of objective lens, i.e. two domains became one.
Summary
The major characteristics of magnetic domain structure of Co 50 Ni 20 FeGa 29 alloy has been investigated under the magnetic field applied approximately perpendicular to the (111) lattice plane. At low magnetic field (less than 0.09 T) alternation of the domain structure with magnetization along the h001i directions can be characterized by rotation of the domain walls around the [111] zone axis, which decreased the wall's length and expanded the joint angle between two adjacent walls from $30 to $40 . When the field strength is larger than 0.09 T, split of the walls instead of rotation dominates alternation of the domain structure. Number of the walls increased several times as a result of this split of walls. Split may shrink the length of individual wall, but the total length of the walls is found to change little. The magnetic domains disappear at about 0.46 T, a magnetic field strength for saturated magnetization of Co 50 Ni 20 FeGa 29 thin film in this study. 
